A new estimation method of reduction rate constant in Ishida-Wen's model, which be considered forming of reaction layer, for oxide aggregate such as sinter ore is proposed. Briquettes of FeO-Al 2 O 3 mixture were prepared as a model of sinter ore and reduction test and analysis were taken place. Al 2 O 3 cannot be reduced under this experimental condition so that it acts as a neutral material which obstruct reduction of FeO. Therefore, the influence of existence of 
Introduction
Sinter ore is oxide aggregate contains hematite, magnetite, calcium ferrite etc., which reduction rate, reduction mechanism, and equilibrium are different from each other, so that the reduction rate of sinter ore affected by their contents, forms, and distributions. The numerical models for reduction rate analysis of sinter has been proporsed, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and some of them had tried to describe the reduction rate of such oxide aggregate.
When an oxide aggregate is reduced by a gas, reaction interface of each oxide in the aggregate are influenced by their content. The reaction interface of each oxide in the aggregate becomes smaller compare with a situation that each oxide is reduced separately. Therefore, for example, the apparent reduction rate of hematite in the aggregate would become smaller than that of pure hematite. In addition, reduction of the oxide aggregate would not advance on one reaction interface because the reduction rates of each oxide are different. Hence, the unreacted core model would not be fitted for analysis of the oxide aggregate because the reaction layer, where reduction and diffusion of gases occur in the same time, would be formed.
In this paper, a new estimation method of reduction rate constant in Ishida-Wen's model 3) for reduction rate analysis of sinter ore is proposed. A sample contained two oxides, FeO as a representative of iron oxide in sinter ore and Al 2 O 3 as a gangue component, was prepared as a model of sinter ore and reduction rate analysis was taken place using IshidaWen's model, which can describe the reduction formed reaction layer. The estimation method for reduction rate parameters and validity of them were studied.
Experiment

Preparing of Samples
FeO After that, the briquettes were reduced in 50 vol% CO-50 vol% CO 2 at 1 127 K in order to make FeO-Al 2 O 3 briquettes. A Fe 2 O 3 -Al 2 O 3 briquette was hung in reaction tube and the weight of it was measured by strain gauge during reduction. The flow rate of 50 vol% CO-50 vol% CO 2 mixed gas was 2 NL/min. After the weight-loss of the briquette was finished, the briquette was kept for another 10 min in the same atmosphere. This reduction treatment mentioned above is called pre-reduction on the following pages. After pre-reduction, two treatments were performed depending on the purpose. In order to measure the reduction speed, the briquette was reduced by H 2 immediately after pre-reduction. On the other hand, in order to measure the micro-pore distribution of the briquette, the briquette was cooled to room temperature in N 2 atmosphere after pre-reduction.
In addition, the production of FeAl 2 O 4 was assumed to be negligible in these examinations. Because pre-reduction treatment was taken placed for about 1 h at 1 127 K so that the produced FeAl 2 O 4 was considered less than 5 wt%. 12) Moreover, the reduction speed of FeAl 2 
Reduction Experiments
After pre-reduction, H 2 gas was introduced immediately into the reaction tube in place of 50 vol% CO-50 vol% CO 2 gas and FeO-Al 2 O 3 briquette was reduced by H 2 . The flow rate of H 2 gas was 4 NL/min. This reduction by H 2 is called main-reduction on the following pages. Reduction tests were taken placed for 3 times in the same condition. The final reduction ratio of the briquette was calculated by dividing the difference of the weight of it before and after main-reduction by the amount of reducible oxygen of the briquette before main-reduction.
Measurement of Micro-pore Distribution
The micro-pore distribution of the briquette was measured by mercury intrusion technique. The micro-pore distributions of before main-reduction were measured using the briquettes which were reduced by 50 vol% CO-50 vol% CO 2 , i.e. after pre-reduction. Those of after main-reduction were measured using the briquettes after main-reduction. It means that the samples weren't the same which were measured the pore distributions of before main-reduction and those of after main-reduction. The measurements were taken place for 3 times in the same condition.
Analysis
Outline of Ishida-Wen's Model
3)
The schematic view of Ishida-Wen's model is shown in Fig. 1 . This model can be used for which the reduction gases soak into the inside of the porous sample so that the reduction and diffusion take place at the same time in the wide area of the sample. In this model, reduction is described in two phases; first phase is that until the surface of the sample is covered by product, and second phase is that reduction advances toward to the inside of the sample.
Let's think about this solid gas reaction;
The overall reaction rate  n is described as Eq. (2), (2) where, E f is described as Eq. (3). Determination method of parameters included in IshidaWen's model has already reported by Murayama 6) et al. Therefore, the outline of the method is explained in this section. There are 4 reaction rate parameters should be determined, mass transfer coefficient in gas film k f , effective diffusion coefficient in product layer D s , effective diffusion coefficient in reaction layer D so , and volume based chemical reaction rate constant k v . k f was determined by Ranz-Marchall 13) 's eq. that balance resistance was taken into account. 14 (6) and (8) in (5).
As shown in Eq. (18), the relationship between reaction degree F and reaction time t is linear in first phase. In second phase, F doesn't agree with Eq. (18). Therefore, when the last point, which F agrees with Eq. (18), is decided as (t c , F c ), it is the same point that the finishing time and final reaction degree of first phase. F c is equal to E f according to Eq. (17), so that ϕ' can be decided using Regula-Falsi Method by substituting F c in Eq. (3). Equation (19) can be obtained by substituting F = E f = F c and t = t c in Eq. (18). 
Estimation Method for Chemical Reaction
Result
Reduction Experiments
Sizes, weights and porosities of samples before prereduction are shown in Table 1 . The weight-loss curves of these samples reduced by H 2 after pre-reduction is shown in Fig. 2 . Reduction tests were taken placed for 3 times in the same condition and they showed very high reproducibility. Thus, one of three data was plotted for every conditions. According to Fig. 2 , the tilt of weight-loss curves become smaller when FeO content becomes less. It is believed that H 2 diffusion into the sample was interrupted by Al 2 O 3 . Also, the weight-loss rate of 100% FeO briquette was slower than 60 wt% FeO. It is because 100% FeO briquette shrank during experiment.
The reduction rate parameters of Ishida-Wen's model determined by Murayama's method were shown in Table  2 . According to Table 2 Fig. 4 . D so of about 80 wt% FeO was maximum, and when the content of FeO decreased, i.e. Al 2 O 3 increased, D s decreased. In addition, the difference between D so and D s became smaller when the vol% FeO decreased. Microstructure of briquette would affect its diffusion coefficient. Therefore, it is believed that when Al 2 O 3 increased, the micro structures of the briquettes before and after reduction didn't change so much. This is why the difference between D so and D s became smaller.
In order to define this idea, micro pore distributions of briquettes were measured by mercury intrusion technique.
The comparison of the micro pore structures of briquettes before and after main-reduction is shown Figs. 5 and 6. The micro pore distributions were measured for 3 times in the same condition and they showed very high reproducibility, too. Thus, one of three data was plotted for every conditions. According to Fig. 5 , the most of micro pores before main-reduction distributed between 0.1-0.3 μm in radius regardless of FeO content. Also, the most of them after main-reduction became 0.3-0.8 μm in radius as be seen in Fig. 6 . In addition, the pore radiuses after main-reduction tended to decrease when the Al 2 O 3 contents increased. However, the difference of total volume of micro pore before and after main-reduction tended to decrease when Al 2 O 3 content increased. It is believed that this phenomenon is the reason why the difference between D so and D s became smaller when Al 2 O 3 content increased. By the way, the values of D so of 80 and 90 wt% shown in Fig. 4 were scattered, but the reproducibility of their micro pore distributions were very high. The reason of this disagreement wasn't clear.
Discussions
The reason why the difference between D so and D s became smaller when Al 2 O 3 content increased is verified considering Knudsen diffusion. According to the micro structure distribution, the most of pore radius of FeO-Al 2 O 3 briquettes were under 1 μm. The mean free path of H 2 -H 2 O is about 1 μm at 1 173 K, so Knudsen diffusion should be considered. When the influence of Knudsen diffusion is considered, D s is described by Eq. (25), where ξ R is labyrinth factor, K is equilibrium constant, ε R is porosity of briquette after main-reduction. where r is average of micro pore radius, T is absolute temperature, M A is molar weight of A.
The labyrinth factors of briquettes after main-reduction ξ R were calculated by Eq. (25) using ε R, r and D s . Also, the labyrinth factors before main-reduction ξ 0 were calculated using ε 0 , r 0 and D so . ε R , ε 0 , r and r 0 were measured by mercury intrusion technique. D s and D so were obtained by Murayama's method. Calculated ξ 0 and ξ R are shown in Table 3 with other values. Now, labyrinth factor can be replaced with porosity in random pore model. 16) Hence labyrinth factors were compared with porosities in Fig. 7 . All ε 0 in Fig. 7 are almost the same value except 100 vol% FeO briquette. ε 0 of 100 vol% FeO was smaller than others because the briquettes of 100 vol% FeO shrunk. On the other hand, ξ 0 tended to become smaller when Al 2 O 3 contents became larger though the values of ξ 0 were quite-variable. 100 vol%FeO briquette shrunk very much after pre-reduction and other briquettes didn't shrink so much. Therefore, Al 2 O 3 would control the shrinkage of the briquettes so that ε 0 of the briquettes were almost the same. Moreover, ξ 0 became smaller when Al 2 O 3 contents increased. This reason is believed that the micro structure of the briquettes becomes more complex when Al 2 O 3 contents increased.
ε R and ξ R tend to became smaller when Al 2 O 3 contents increased. Also, when Al 2 O 3 contents increased, ε R and ξ R tended to become similar to the values of ε 0 and ξ 0 . According to these results, it is believed that when Al 2 O 3 contents increased, the difference between the micro structures before and after main-reduction became smaller because pores formed by reduction decreased. As a result, the difference between D so and D s became smaller because the micro structures before and after main-reduction became similar. This phenomenon was taken place because Al 2 O 3 controlled the shrinkage of briquettes and obstructed the formation of the pores during reduction.
Reduction curves are calculated using k v = ϕ FeO k v°, D so , and D s obtained by Murayama's method which values are shown in Table 4 . In addition, calculation of 100%FeO did not carry out because briquettes of 100%FeO shrunk so that k v of them became smaller. Calculated reduction curves are displayed with observed data in Fig. 8 . Calculated reduction curves are in good agreement with observed ones under about 90% of fractional reduction ratio. Over about 90% of fractional reduction ratio, the calculated reduction ratios were larger than observed ones. It might be the influence of oxygen diffusion rate limiting, but further study is necessary to clarify this phenomenon. (2) When Al 2 O 3 content in briquette increase, difference between the effective diffusion coefficient of reaction layer D so and that of production layer D s , decrease. According to the result of micro pore distribution measurement, when Al 2 O 3 contents increase, the differences of the porosity and the labyrinth factor before and after reduction decrease. Therefore, it is believed that the deference between D so and D s decreases because the pores formed by reduction decrease so that the change of the micro structure before and after reduction decrease when Al 2 O 3 content in briquettes increases.
Conclusion
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